Plant ammonium transporters in the AMT/MEP/Rh (ammonium transporter/methylammonium and ammonium permease/Rhesus factor) superfamily have only been previously characterized in flowering plants (angiosperms). Plant AMT1s are electrogenic, while plant AMT2s are electroneutral, and MEP and Rh transporters in other organisms are electroneutral. We analyzed the transport function of MpAMT1;2 from the basal land plant Marchantia polymorpha, a liverwort. MpAMT1;2 was shown to localize to the plasma membrane in Marchantia gametophyte thallus by stable transformation using a C-terminal citrine fusion. MpAMT1;2 expression was studied using quantitative real-time PCR and shown to be higher when plants were N deficient and lower when plants were grown on media containing ammonium, nitrate or the amino acid glutamine. Expression in Xenopus oocytes and analysis by electrophysiology revealed that MpAMT1;2 is an electrogenic ammonium transporter with a very high affinity for ammonium (7 mM at pH 5.6 and a membrane potential of -137 mV). A conserved inhibitory phosphorylation site identified in angiosperm AMT1s is also present in all AMT1s in Marchantia. Here we show that a phosphomimetic mutation T475D in MpAMT1;2 completely inhibits ammonium transport activity. The results indicate that MpAMT1;2 may be important for ammonium uptake into cells in the Marchantia thallus.
Introduction
Ammonium transporters are integral membrane proteins that transport NH + 4 or NH 3 across the cell membrane (Khademi et al. 2004 , Zheng et al. 2004 , Andrade et al. 2005 , Gruswitz et al. 2010 . They are present in almost all organisms, including plants, archaea, bacteria, fungi and animals (Saier et al. 1999) .
Ammonium transporters are classified in the AMT/MEP/Rh superfamily and fall into three related clades: AMTs (ammonium transporters), MEPs (methylammonium and ammonium permeases) and Rh (rhesus factor proteins) (Marini et al. 1994 , Ninnemann et al. 1994 , Marini et al. 2000 . MEPs are mainly found in fungi and bacteria, and Rhs are found in animals, while AMTs are found both in plants and animals, excluding vertebrates (McDonald and Ward 2016) . Plants contain both AMTs (called AMT1) and MEPs (called AMT2). AMT2 genes in plants are the result of horizontal gene transfer of MEP genes from prokaryotes (McDonald et al. 2012) .
Ammonium (NH + 4 ) and ammonia (NH 3 ) in solution are in pH-dependent equilibrium; herein the term 'ammonium' will be used to represent the sum of ammonium and ammonia while the chemical formula, for example NH + 4 , will be used to represent specific species. In plants, AMT1s are electrogenic (Ludewig et al. 2002) ; they transport a charge across the membrane as well as ammonium, and function either as NH + 4 channels or as NH 3 /H + symporters. Both Rh and MEP transporters are electroneutral; they do not transport a net charge (Ludewig 2004 , Ripoche et al. 2004 , Mayer et al. 2006b ). Consistent with this, transporters in the plant AMT2 clade are MEPs and are electroneutral (Neuhauser et al. 2009 ). In addition, the AmtB protein from Escherichia coli, which belongs to the MEP group, is also electroneutral (Soupene et al. 1998 , Soupene et al. 2001 , Khademi et al. 2004 , Zheng et al. 2004 , Javelle et al. 2005 ).
LeAMT1;1 from tomato was the first ammonium transporter to be identified as electrogenic (Ludewig et al. 2002) . Electrophysiology experiments showed that LeAMT1;1 transports both ammonium and methylammonium, and both substrates induce inward currents. An inward current is defined as either cation movement into the cytoplasm or anion movement out and, in this case, the inward current could be carried by either H + or NH + 4 moving into the cell. LeAMT1;1 has a high affinity for ammonium, with a K m in the range of 10 mM, and a 25-fold lower affinity for methylammonium. K m values for both substrates are voltage dependent, with higher affinity associated with more negative membrane potentials (Ludewig et al. 2002) . Subsequently, the mechanism of AMTs was studied in other eudicots. AtAMT1;1, AtAMT1;2 and AtAMT1;4 were characterized in Arabidopsis thaliana Ludewig, 2006, Yuan et al. 2009 (Ortiz-Ramirez et al. 2011) . In Venus flytrap (Dionaea muscipula), DmAMT1;1 was shown to be a low-affinity transporter (Scherzer et al. 2013) . In monocots, AMTs have been studied in Oryza sativa (OsAMT1;1) (Yang et al. 2015) . All AMT1s studied so far are electrogenic. However, plant AMTs have only been studied in flowering plants (angiosperms).
Very little information exists concerning AMT function in animals. AgAMT from the mosquito Anopheles gambiae was demonstrated to be electrogenic when expressed in Xenopus oocytes (Pitts et al. 2014) . This raises the question of whether electrogenicity evolved with plants or earlier in a common ancestor of plants and animals. Therefore, to elucidate further whether all plant AMT1s are electrogenic, we analyzed the transport activity of an AMT1 from the basal land plant, Marchantia polymorpha.
The liverwort M. polymorpha is a classic model plant. It is a bryophyte and represents the earliest land plants (Bowman et al. 2017 ). There are several important differences in life cycle between bryophytes and angiosperms. Bryophytes have a dominant gametophyte generation, and a dependent, diploid sporophyte generation. They have flagellate sperm and lack vascular tissue (Shimamura 2016) . A previous study showed that four ammonium transporters from M. polymorpha are functional when expressed in Xenopus oocytes (McDonald and Ward 2016) . Here we studied the transport activity of MpAMT1;2 using electrophysiology to determine substrate affinity and regulation by membrane potential and pH. We found that MpAMT1;2 protein is localized to the plasma membrane and that MpAMT1;2 gene expression is induced under N deficiency conditions and repressed when plants are resupplied with an N source.
Results
MpAMT1;2 (GenBank accession No. KU975452) is a membrane protein containing 515 amino acids and 11 predicted membrane spans. MpAMT1;2 was previously expressed in Xenopus oocytes and shown to be electrogenic (McDonald and Ward 2016) , but its transport activity was not characterized further. AMT1 transporters are highly conserved from bryophytes through angiosperms; for example, MpAMT1;2 shares 72% identity at the amino acid level with AtAMT1;1. MpAMT1;2 was expressed in Xenopus laevis oocytes and ammoniuminduced currents were recorded using two-electrode voltage clamping. Potassium-free Ringer solution was used for the oocyte electrophysiology experiments so we could test for transport of K + by MpAMT1;2, which was not observed.
Kinetic analysis of MpAMT1;2
Currents across the plasma membrane of oocytes expressing MpAMT1;2 were recorded at a range of membrane potentials from -137 mV to +38 mV. Representative currents from one oocyte bathed in K + -free Ringer solution at pH 5.6 are shown in Fig. 1A . Currents were recorded first with no ammonium in the solution. Then the solution was changed to K + -free Ringer solution containing 0.02 mM ammonium chloride and currents recorded again. Finally, the oocyte was recorded again in bathing solution without ammonium. Background currents before and after application of ammonium overlap, indicating a stable baseline. At all membrane potentials, the addition of ammonium caused a downward deflection in currents compared with the baseline. Ammonium-induced currents were calculated by taking an average of the background currents before and after the ammonium addition and subtracting it from currents recorded in the presence of ammonium. Ammonium-induced currents were inward at all membrane potentials tested (Fig. 1B) .
To study the affinity of MpAMT1;2 for ammonium, ammonium-induced currents were recorded at different ammonium concentrations. Currents from different oocytes were normalized to V max , and those recorded at -137 mV are shown in Fig. 1C . A K 0.5 value was calculated by fitting collected data to the Michaelis-Menten equation. The calculated K 0.5 for ammonium at pH 5.6 for MpAMT1;2 was 0.007 mM (7 mM), indicating that MpAMT1;2 has very high affinity for ammonium.
The effect of extracellular pH on the affinity of MpAMT1;2 for ammonium was tested. Normalized currents plotted against ammonium chloride concentrations at pH 6.8 ( Fig. 2A) and pH 8.0 (Fig. 2B ) are shown. The K 0.5 value at pH 6.8 was 15 mM and at pH 8.0 was 20 mM ammonium chloride; both were determined at -137 mV ( Fig. 2A, B) , so K 0.5 values increase as pH increases above pH 5.6. NH + 4 and NH 3 are in pH-dependent equilibrium, with a pKa of 9.24. Plant AMT1 proteins are thought to bind NH + 4 and transport NH 3 (Neuhauser and Ludewig 2014) , therefore the K 0.5 for transport is related to the affinity of the transporter for NH + 4 , and the measured K 0.5 values can be corrected using the Henderson-Hasselbalch equation, as shown in Fig. 2C . At pH 5.6, the correction is not significant since only 0.03% of total ammonium is present as NH 3 but at higher pH a greater proportion of ammonium is present as NH 3 . At pH 8.0, 5.7% of total ammonium is present as NH 3 and the K 0.5 value at pH 8.0 was corrected from 20.7 to 19.5 (Fig. 2C) assuming that NH + 4 binds to the transporter and NH 3 does not. To show the voltage dependence of K 0.5 for NH + 4 , corrected K 0.5 values measured at three pH values were plotted for membrane potentials between -40 and -137 mV. The K 0.5 for NH + 4 was both pH and voltage dependent; MpAMT1;2 showed higher affinity at more negative membrane potentials and at lower extracellular pH (Fig. 2D ).
Substrate specificity of MpAMT1;2
We tested the ability of MpAMT1;2 to transport methylammonium (CH 3 NH + 3 ) and potassium. AMT1 ammonium transporters from angiosperms are known to transport methylammonium as well as ammonium (Ludewig et al. 2002 ). KCl was also tested because K + has a similar size to NH + 4 . Substrates were applied at 0.2 mM, and the currents recorded at -40 mV showed that inward currents only appeared when ammonium chloride was applied (Fig. 3A) . There was no obvious current when methylammonium chloride (MACl) or potassium chloride (KCl) was applied (Fig. 3A) . Water-injected and uninjected oocytes showed no current changes for any of the substrates tested (Fig. 3A) . Also, at more negative membrane potentials, methylammonium or potassium applied at 0.2 mM did not induce significant currents (Fig. 3B) . Experiments using higher concentrations showed that MpAMT1;2 could transport methylammonium. A K 0.5 of 4.04 mM for methylammonium was measured at pH 5.6 and a membrane potential of -137 mV (Fig. 3C) , which is 577-fold higher than the K 0.5 for ammonium (7 mM) measured under the same conditions.
Expression and membrane localization of MpAMT1;2 A timeline for experiments designed to analyze expression of MpAMP1;2 in Takaragaike-1 (Tak-1) is shown in Fig. 4A . Gemmae were grown on half-strength Gamborgs B5 media for 2 weeks and then grown on the same media without N for 5 d to induced N deficiency. Then they were transferred to media with different sources of N at 5 mM total N or media lacking N. RNA was extracted after 2 d and quantitative real-time (qRT-PCR) was performed. As shown in Fig. 4B , the highest expression of MpAMP1;2 was found when plants were grown in the absence of N in the media. N supplied as 2.5 mM (NH 4 ) 2 SO 4 or 2.5 mM NH 4 NO 3 suppressed MpAMP1;2 expression to the lowest levels (Fig. 4B) . KNO 3 at 5 mM also suppressed expression of MpAMP1;2 but not as strongly. N supplied as 2.5 mM glutamine suppressed MpAMP1;2 expression to an intermediate level (Fig. 4B) . The results indicate that MpAMP1;2 showed the highest expression in Marchantia thalli when the plants experienced N deficiency. All of the N sources tested were able to suppress expression, indicating that repression of MpAMT1;2 expression is not specific to ammonium.
A C-terminal MpAMT1;2-citrine fusion was used to study the localization of MpAMT1;2 in M. polymorpha gametophytes (Fig. 5) . Fluorescence appeared peripheral (Fig. 5 top panel) and, when overlaid with Chl fluorescence, it was clear that citrine fluorescence was external to chloroplast fluorescence, indicating a plasma membrane localization for MpAMT1;2. An N-terminal citrine fusion to MpSUT4, a sucrose transporter in the vacuolar clade (Weise et al. 2000 , Reinders et al. 2008 ) from Marchantia, was used as a comparison to observe vacuolar localization (Fig. 5 , right side). When citrine-MpSUT4 fluorescence was overlaid with Chl fluorescence, it was evident that fluorescence was oriented towards the inside of cells relative to chloroplasts, indicating a vacuolar localization for MpSUT4. The controls (Fig. 5 , lower panels) were untransformed Marchantia with background citrine fluorescence overlaid with Chl fluorescence using the same microscope and camera settings. The results indicate that MpAMT1;2 specifically localizes to the plasma membrane in the Marchantia gametophyte thallus.
MpAMT1;2 regulatory phosphorylation site
Angiosperm AMT1 ammonium transporters contain a conserved inhibitory phosphorylation site (Loqué et al. 2007 , Neuhauser et al. 2007 . Extracellular ammonium induces MACl is methylammonium chloride (CH 3 NH 3 Cl). The upper recording was from an oocyte expressing MpAMT1;2. The middle and lower recordings were from water-injected and uninjected control oocytes, respectively. (B) Substrate-dependent currents with 0.2 mM NH 4 Cl were recorded at different membrane potentials and normalized to currents recorded at -137 mV. The average current with 0.2 mM NH 4 Cl at -137 mV was -0.087 ± 0.053 mA. Mean currents ± SD are presented (n ! 4). (C) K 0.5 value for methylammonium chloride. Normalized currents were recorded at -137 mV and pH 5.6. The line indicates a fit of the MichaelisMenten equation to the data. Data represent the mean ± SD (n = 3 oocytes).
rapid phosphorylation of this site (Lanquar et al. 2009 ) which is T460 in AtAMT1;1, leading to inhibition of transport activity. All nine AMT1s in Marchantia contain this phosphorylation site (Fig. 6A) . In MpAMT1;2, the corresponding position is T475, indicated by the arrow in Fig. 6A . To test whether phosphorylation of this site is inhibitory, we compared the transport activity of wild-type MpAMT1;2 with a phosphomimetic mutant T475D and a non-phosphorylatable mutant T745A. When currents were recorded at -40 mV, ammonium (20 mM) application to Xenopus oocytes expressing MpAMT1;2 resulted in inward current (Fig. 6B) . Under the same conditions, oocytes expressing MpAMT1;2 (T475A) showed smaller inward currents and oocytes expressing MpAMT1;2 (T475D) showed no detectable currents (Fig. 6B) . Replicated experiments done at a membrane potential of -121 mV show that MpAMT1;2 (T475A) produced significantly less current compared with the wild type and that MpAMT1;2 (T465D) showed no response to applied ammonium (Fig. 6C) .
The results indicate that phosphorylation of conserved T475 in MpAMT1;2 inhibits transport activity as it does in Arabidopsis AtAMT1;1 (Loqué et al. 2007 , Neuhauser et al. 2007 ).
Discussion
Marchantia encodes nine AMT1s and 10 AMT2s (MEPs) (Bowman et al. 2017 ). The only other completely sequenced bryophyte genome is from Physcomitrella patens which encodes a similar number of ammonium transporters (six AMT1s and seven MEPs) (De Michele et al. 2012) . Some angiosperms encode a smaller number of ammonium transporters; for example, Arabidopsis has five AMTs and one MEP while rice has three AMTs and six MEPs. The angiosperm Populus trichocarpa encodes six AMT1s and 17 MEPs, and the large number of ammonium transporters may be related to its ability to obtain N through mycorrhizal interactions. A recent study found that expression of five MEP genes and one AMT1 gene is induced in P. trichocarpa during mycorrhizal interaction with Rhizophagus irregularis (Calabrese et al. 2017 ). This suggests that ammonium transporters have a role in ammonium uptake from the fungus, but it is not known if any of the ammonium transporters localize to the periarbuscular membrane. The large number of ammonium transporter genes in bryophytes may also be related to N uptake through symbiotic interaction. Bryophytes, including Marchantia (Adams and Duggan 2008) , are known to interact with nitrogen-fixing cyanobacteria The data shown are the mean log 2 ratios to MpACTIN7 ± SEM of three biological replicates. Different letters above the bars indicate significant differences with P > 0.05. (Dalton and Chatfield 1985, Adams 2002 ). Another possibility is that since M. polymorpha lacks vascular tissue, and plasmodesmata have not been observed, cell to cell transfer of N may be more dependent on transmembrane transport, thus requiring more ammonium transporters.
MpAMT1;2 is electrogenic and has a high affinity for ammonium
The electrophysiological analysis of MpAMT1;2 showed that ammonium induced an inward current in MpAMT1;2-expressing oocytes. This result indicates that MpAMT1;2 is electrogenic; it transports a charge across the membrane, which is consistent with a previous report (McDonald and Ward 2016) . The mechanism of ammonium transport for the AMT/ MEP/Rh superfamily remained unclear until the crystal structures for transporters from bacteria and archaebacteria were obtained (Khademi et al. 2004 , Zheng et al. 2004 , Andrade et al. 2005 . The structures indicated that the pore region of ammonium transporters is hydrophobic, suggesting that NH 3 is translocated rather than NH + 4 . Therefore, electrogenic ammonium transporters such as MpAMT1;2 probably co-transport H + and NH 3 rather than functioning as NH + 4 uniporters. Analysis of mutants of AtAMT1;2, an electrogenic ammonium transporter from Arabidopsis, is consistent with an H + /NH 3 co-transport mechanism (Neuhauser and Ludewig 2014) .
Kinetic analysis revealed that MpAMT1;2 is a high-affinity ammonium transporter with a K 0.5 of 7 mM. High-affinity ammonium transporters have also been characterized in angiosperms. For example, Arabidopsis AtAMT1;1 has a K 0.5 of 2.7 mM (Mayer and Ludewig 2006 ), ZmAMT1;3 from maize has a K 0.5 of 33 mM (Gu et al. 2013 ) and PvAMT1;1 from bean has a K 0.5 of 28 mM (Ortiz-Ramirez et al. 2011). The affinity of MpAMT1;2 for ammonium was pH dependent; lower pH values produced a lower K 0.5 , indicating a higher substrate affinity (Fig. 2) . This is the opposite pH regulation compared with PvAMT1;1 from bean, for which K 0.5 decreases as pH increases (Ortiz-Ramirez et al. 2011) . A more negative membrane potential also leads to a decrease in K 0.5 values, which represents an increase in affinity for ammonium (Fig. 2D) . Therefore, MpAMT1;2 is regulated by both extracellular pH and membrane potential, both of which are controlled in plants by plasma membrane H + -ATPases which are highly regulated enzymes. Activation of H + -ATPases makes the extracellular pH more acidic and makes the membrane potential more negative, both of which cause MpAMT1;2 to have a higher affinity for ammonium.
MpAMT1;2 substrate specificity
MpAMT1;2 is a highly selective ammonium transporter (Fig. 3A) . At a concentration of 0.2 mM, ammonium chloride induced inward current while methylammonium chloride and potassium chloride did not (Fig. 3A) . Experiments using higher concentrations of methylammonium showed that MpAMT1;2 can transport methylammonium (Fig. 3C) . The K 0.5 for methylammonium was determined to be 4.04 mM at pH 5.6 and -137 mV. Based on this analysis, MpAMT1;2 has an approximately 577-fold higher affinity for ammonium compared with methylammonium. NH + 4 and NH 3 are in equilibrium in solution, so it is reasonable to ask whether NH The corresponding site in MpAMT1;2 is T475. An arrow indicates the threonine (T) residues conserved with T460 from AtAMT1;1. (B) MpAMT1;2, (T475D) and MpAMT1;2 (T475A) were expressed in Xenopus oocytes and recording was done using two-electrode voltage clamping. The oocytes were bathed in K + -free Ringer solution at pH 5.6, voltage clamped at -40 mV and NH 4 Cl was applied at 20 mM (three times higher than the K 0.5 of MpAMT1;2). Downward deflections during substrate application represent inward currents. (C) Ammonium-induced (background subtracted) currents in response to 20 mM NH 4 Cl at a membrane potential of -121 mV. Data are presented as the mean ± SD (n = 3 oocytes). of MpAMT1;2 of 7 mM at pH 5.6, the concentration of NH 3 is approximately 0.00157 mM. This low concentration of NH 3 is unlikely to support the observed high rate of transport; therefore, it is most likely that ammonium transporters bind NH + 4 . According to predominant models, transporters in the AMT/MEP/Rh superfamily bind NH + 4 , deprotonate it and transport NH 3 . The high substrate specificity of ammonium transporters has been used to support the idea that deprotonation of NH + 4 and transport of NH 3 are part of the transport mechanism (Neuhauser and Ludewig 2014) . It is a reasonable conclusion since cations of similar size to NH + 4 , such as K + , are not transported, yet a deprotonatable substrate that is larger, methylammonium (CH 3 NH + 3 ), is transported. This model also has support based on the hydrophobicity of the pore of AmtB and RhCG (Khademi et al. 2004 , Gruswitz et al. 2010 ).
Expression and membrane localization of MpAMT1 in Marchantia polymorpha
The expression of MpAMT1;2 in M. polymorpha was studied using qRT-PCR, and plants grown under N-deficient conditions showed higher expression. All sources of N including ammonium, nitrate or the amino acid glutamine, when added to media at 5 mM N concentration, caused a decrease in MpAMT1;2 expression. This indicates that MpAMT1;2 expression is repressed under N sufficiency. This is similar to several AMT genes from Arabidopsis that are induced under N deficiency (Gazzarrini et al. 1999 , Sohlenkamp et al. 2000 and opposite from the expression of LeAMT1 from tomato (Lauter et al. 1996) .
AMTs are also regulated at the protein level. AMTs are trimeric and transactivated: the C-terminus of each subunit binds and activates a neighboring subunit (Loqué et al. 2007 ). This transactivation is controlled by protein phosphorylation in response to the presence of extracellular ammonium (Lanquar et al. 2009 ). Phosphomimetic replacement of a conserved T in the C-terminus (T460 in AtAMT1;1) transinactivates AMT complexes (Loqué et al. 2007 , Neuhauser et al. 2007 ). In Arabidopsis, AtAMT1;1 and AtAMT1;2 were shown to be phosphorylated and inactivated by the kinase CIPK23 (Straub et al. 2017 ). MpAMT1;2 has the conserved phosphorylation site in the C-terminus (Fig. 6A ) at T475 and, as shown here, phosphomimetic mutation of MpAMT1;2 (T475D) resulted in complete loss of ammonium transport activity (Fig. 6B, C) . Our results suggest that inhibition of AMT transporters in plants via phosphorylation has been maintained through evolution from basal plants such as Marchantia through angiosperms.
MpAMT1;2 was localized to the plasma membrane in M. polymorpha gametophyte thallus using a C-terminal citrine fusion. This is consistent with observed localizations of AMTs in angiosperms. In Arabidopsis, AtAMT1;1 was localized to the plasma membrane in root hairs and other parts of the root and shoot (Mayer and Ludewig 2006) . AtAMT1;4 has been localized to the plasma membrane in pollen ).
Conclusions
MpAMT1;2 is the first ammonium transporter from a bryophyte that has well-characterized transport activity. It is electrogenic and has high affinity and high selectivity for ammonium. The plasma membrane localization of MpAMT1;2 indicates that it functions in cellular uptake of ammonium into the cytoplasm. MpAMT1;2 showed higher expression when plants were grown under N deficiency. Several different N sources, including ammonium, caused a decrease in MpAMT1;2 expression, indicating that general N sufficiency suppressed expression of the ammonium transporter. The presence of a conserved phosphorylation site in the C-terminus indicates that transport activity of the MpAMT1;2 protein may be down-regulated under high ammonium concentrations, similar to angiosperm ammonium transporters (Loqué et al. 2007 , Neuhauser et al. 2007 ).
Materials and Methods

MpAMT1;2 cDNA cloning from Marchantia polymorpha
The ammonium transporter gene MpAMT1;2 from M. polymorpha was identified based on the genomic DNA sequence provided by Drs. Ryuichi Nishihama and Takayuki Kohchi (Kyoto University). RNA was extracted and cDNA was synthesized using the Omniscript Reverse Transcription kit (Qiagen). Primers for PCR were designed based on the coding region sequence of MpAMT1;2. Products were cloned into pCR8/GW/TOPO (Invitrogen) and recombined with the oocyte expression vector pOO2/ GW (Sun et al. 2010) .
Expression in oocytes
Oocytes were prepared from female Xenopus laevis frogs. The pOO2/GW plasmid containing MpAMT1;2 was linearized using PmaCI, and cRNA was synthesized using the SP6 mMessage mMachine kit (Ambion). Oocytes were injected with 50 ng of cRNA. Oocytes were incubated in Barth's solution [88 mM NaCl, 1 mM KCl, 0.33 mM Ca(NO 3 ) 2 , 0.41 mM CaCl 2 , 0.82 mM MgSO 4 , 2.4 mM NaHCO 3 , 10 mM HEPES, pH 7.6, 100 mg ml -1 penicillin and 100 mg ml -1 streptomycin] containing 10 mg ml -1 gentamycin for 3-6 d at 15 C before recordings.
Electrophysiology
For recording, 1.5 mm thin wall borosilicate glass pipettes (Warner Instruments Corp.) were filled with 1 M KCl. Measurements were obtained using a Dagan TEVC 200A amplifier (Dagan Corp.). Oocytes were incubated in modified K + -free Ringer solution (115 mM NaCl, 2 mM CaCl 2 , 2 mM MgCl 2 and 5 mM MES) during recordings. Oocytes were clamped at the holding potential of -40 mV. Currents were recorded using Clampex (Axon Instruments Inc.).
Solutions of ammonium chloride in K + -free Ringer solution were prepared with three different pH values, 5.6, 6.8 and 8.0. Ringer solution was adjusted to pH 5.6 with NaOH or to pH 6.8 or 8.0 using Tris. Solutions of methylammonium chloride in the K + -free Ringer solution were prepared at pH 5.6. Currents were measured at membrane potentials from +37 to -137 mV and filtered at 1,000 Hz. Substrate-dependent currents were obtained by subtracting an average of background currents before and after substrate application. To determine K 0.5 values, substrate-dependent currents were collected at various substrate concentrations.
Currents were normalized to V max to account for different levels of expression between oocytes. Currents from at least three independent oocytes were recorded for each experiment. The relationship between substrate concentration and substrate-induced currents was analyzed using the Michaelis-Menten equation.
I ¼ I max Â ½S=ðK 0:5 +½SÞ where I is the substrate induced current, [S] is the substrate concentration, I max is the maximum current and K 0.5 is the substrate concentration when the current is half-maximal. Non-linear regression was performed using Prism (GraphPad Software).
Expression analysis of MpAMT1;2
Tak-1 gemmae were grown under long-day conditions (16 h light) on halfstrength Gamborgs B5 medium for 2 weeks. Half-strength Gamborgs B5 contains 13.4 mM total N [12.4 mM KNO 3 and 0.5 mM (NH 4 ) 2 SO 4 ]. Plants were transferred to the same medium but without N and with 5 mM KCl for 5 d and then transferred to the same medium or to medium with different N sources, each with a total of 5 mM N: 5 mM KNO 3 , 2.5 mM (NH 4 ) 2 SO 4 , 2.5 mM NH 4 NO 3 or 2.5 mM glutamine. KCl at 5 mM was added to the medium to replace the potassium lost due to the removal of KNO 3 (except when 5 mM KNO 3 was added as nitrogen source). Plants were grown for 2 d before RNA extraction. Individual thalli were harvested, flash frozen in liquid nitrogen, pulverized, and total RNA extracted using Trizol (Invitrogen). qRT-PCR was performed using the SuperScript III Platinum SYBR Green One-Step quantitative RT-PCR kit (Invitrogen) and a Lightcycler 480 Real-Time PCR system (Roche). For each 12.5 ml reaction, 30 ng of total RNA and gene-specific primers were used. The cycle conditions used were 50 C for 10 min, 95 C for 10 min followed by 45 cycles of 95 C for 10 s and 60 C for 1 min. Three biological replicates were analyzed for each growth condition, with two technical replicates each. The crossing point (Cp) was calculated using the second derivative max method provided with the Lightcycler software for each amplification curve. The Cp values for the technical replicates were averaged before further analysis. MpACTIN7 was used as the reference gene (Saint-Marcoux et al. 2015) . The primers used were: MpACT7qPCR-F, 5'-A GGCATCTGGTATCCACGAG and MpACT7qPCR-R, 5'-ACATGGTCGTTCCTCCAG AC; MpAMT1.2qPCR-F, 5'-TTCTGGCTGCTCAAGAAGTT and MpAMT1.2qPCR-R, 5'-GGGCTCCTCGATGTTGTAAG.
Membrane localization of MpAMT1;2 An MpAMT1;2-citrine fusion driven by dual 35S promoters was used to transform M. polymorpha (Tak-1). The stop codon in the MpAMT1;2 cDNA in pCR8/GW/TOPO was mutated from TAA to TCA using the QuikChange II kit (Agilent) and the following primers: forward 5'-ATCCCTATGGCTTCAAA GGGCGAATTCGAC-3', and reverse 5'-GTCGAATTCGCCCTTTGAAGCCATAG GGAT-3'. MpAMT1;2 without the stop codon was recombined with the destination Gateway vector pMpGWB106 with the C-terminal citrine fusion (Ishizaki et al. 2015) . Thallus explants were transformed using Agrobacterium C58C1. As a control, an N-terminal citrine-MpSUT4 construct was generated in the destination vector pMpGWB105 (Ishizaki et al. 2015) . Gemmae were grown for 2 d on half-strength Gamborgs B5 and imaged using a confocal microscope.
Mutagenesis of MpAMT1;2
MpAMT1;2 (T475D) and MpAMT1;2 (T475A) were generated using the QuikChange II site-directed mutagenesis kit (Agilent Technologie). The sequence encoding threonine (ACG) at position 475 was changed to either GAT to encode aspartic acid or GCG to encode alanine. The PCR primers used to generate MpAMT1;2 (T475D) were: forward 5'-GTCGGGCATGGATCTCGATCGCCA and reverse 5'-TGGCGATCGAGATCCATGCCCGAC. The PCR primers used to generate MpAMT1;2 (T475A) are: forward 5'-GTCGGGCATGGATCTCGCGCGCCA and reverse 5'-TGGCGCGCGAGATCCATGCCCGAC. Mutated MpAMT1;2 clones in pCR8/GW/TOPO (Invitrogen) were sequenced, then recombined into the oocyte expression vector pOO2/GW (Sun et al. 2010 
